Background Local delivery can achieve the high antimicrobial concentrations necessary to kill biofilm-related microbes. Degradation times for resorbable carriers are too long. Hydrogels (gels of hydrophilic polymer in water) can degrade faster but release antimicrobials too quickly. We previously developed hydrogels based on the copolymer poly(N-isopropylacrylamide-co-dimethyl-c-butyrolactone acrylate-co-Jeffamine 1 M-1000 acrylamide) (PNDJ) with delivery times of several days with complete degradation in less than 6 weeks. Questions/purposes We asked: (1) What is the elution profile of gentamicin from PNDJ hydrogels? (2) Is gentamicin released from gentamicin-loaded PNDJ (G-PNDJ) hydrogel effective for treatment of orthopaedic infection?
Introduction
Bacteria in biofilms exhibit decreased susceptibility to antimicrobials compared with the same organisms in their planktonic (individual, floating) state [5, 20, 25, 28, 32, 36, 38, 55] . In studies of well-characterized bacterial strains [12, 31, 49] and clinical bacterial isolates from biofilmbased infections [6, 45, 48, 54] , the antimicrobial concentration required to kill bacteria in biofilms can be 100 to 1000 times greater than the minimum inhibitory concentration for the planktonic form. Because the antimicrobial concentrations required to manage biofilm often exceed the concentrations at which systemic toxicity is prohibitive, surgical débridement and local antimicrobial delivery are necessary [10, 13, 14, 56] .
Currently, there is no acceptable strategy for local antimicrobial delivery from a resorbable delivery vehicle at the time of second-stage reconstruction. When antimicrobial-loaded bone cement is used, it cannot be used in its high-dose therapeutic formulation. The antimicrobial load must be low enough that the structural integrity of the cement fixation is not compromised [17, 44] . Low-dose antimicrobial-loaded bone cement releases only a very small fraction of the drug load during the first week when it is needed [42, 52, 62] . Other investigational delivery vehicles, including calcium phosphate cements [30] , hydroxyapatite composites [9, 61] , antibiotic implant coatings [2, 3] , and polymer beads/microparticles [4, 46, 47] , also have drawbacks. Prolonged or incomplete degradation of some resorbable delivery vehicles such as poly(lactic-co-glycolic acid) and polyanhydrides has limited their use [34, 46] .
With the goal of identifying a resorbable delivery vehicle that controls release of the loaded antimicrobial over many days and fully degrades over a few weeks, we have previously developed viscous, resorbable hydrogels based on the temperature-responsive polymer poly(N-isopropylacrylamide-co-dimethyl-c-butyrolactone acrylateco-Jeffamine 1 M-1000 acrylamide (PNDJ) [50] .
Hydrogels are typically composed of natural or synthetic polymers dissolved in water. They are typically 70% or more water by weight. PNDJ hydrogels provide sustained, partition-controlled release of low-molecular-weight hydrophilic drugs such as antibacterials over approximately 3 to 5 days and dissolve in as little as 9 days depending on polymer composition. Published data document controlled release of cefazolin and vancomycin from PNDJ hydrogels [51] .
We chose to study gentamicin release from gentamicinloaded PNDJ (G-PNDJ) hydrogels because gentamicin is a common antimicrobial in commercially prepared antimicrobial-loaded bone cement. Importantly, renal excretion is expected from both PNDJ polymer and gentamicin [8, 19, 43] and could cause nephrotoxicity. It is therefore necessary to determine the level of systemic exposure to gentamicin and to evaluate the renal effects of locally delivered G-PNDJ hydrogels. Furthermore, efficacy of locally delivered antimicrobials to treat orthopaedic infections from any delivery vehicle has not been definitively proven [33] .
We therefore designed a study to answer the following questions: (1) What is the elution profile of gentamicin from PNDJ hydrogels? (2) Is gentamicin released from PNDJ hydrogel effective for treatment of orthopaedic infection? (3) Does local gentamicin delivery from G-PNDJ hydrogel cause renal dysfunction?
Materials and Methods
Gel Synthesis and Characterization PNDJ hydrogels were synthesized and characterized similarly to that reported previously [51] . N-isopropylacrylamide (NIPAAm, recrystallized from hexane) (Sigma Aldrich, St Louis, MO, USA), dimethyl-c-butyrolactone acrylate (DBLA) (Sigma Aldrich), and Jeffamine 1 M-1000 acrylamide (JAAm, Jeffamine 1 M-1000) (Huntsman Corp) were copolymerized to create PNDJ polymer using free radical polymerization in a blend of dioxane/ tetrahydrofuran (THF). The feed ratio was 90.1% NIP-AAm, 7.0% DBLA, and 2.9% JAAm by mole; this composition was identified in preliminary work as having desirable sustained release and degradation time. PNDJ was recollected by precipitation in 10-fold excess diethyl ether followed by filtering and overnight drying under vacuum. PNDJ was then purified by dialysis (3500 molecular weight cutoff) against deionized water at 4°C for 24 hours with frequent water exchanges and then lyophilized to obtain a dry powder. Successful synthesis and purification was confirmed by 1 H nuclear MR (Varian Inova 300 MHz; Varian, Inc, Palo Alto, CA, USA).
Molecular weight was determined using size exclusion chromatography and dynamic light scattering (Mini-DAWN; Wyatt Technology Corp, Santa Barbara, CA, USA) with THF as the solvent. The lower critical solution temperature (LCST) was determined by a cloud-point method after dissolving PNDJ polymer in 150 mM phosphate-buffered saline (PBS) using a spectrophotometer at 450 nm [50] . PNDJ polymer solution forms a hydrogel at temperatures above the LCST. Hydrolysis over time increases LCST [16] . For in situ PNDJ, when the LCST increases above body temperature, the hydrogel dissolves and is cleared by renal excretion [8] .
Gentamicin Release From G-PNDJ
To answer the first research question, the elution profile of gentamicin from G-PNDJ hydrogels was determined by forming the hydrogels from PNDJ polymer powder, gentamicin sulfate powder (New Chemic US, Montvale, NJ, USA), and PBS, then eluting the hydrogels in deionized water under ''infinite sink'' conditions. Infinite sink refers to the loss of drug into lymph and the bloodstream as opposed to the buildup of drug in a sealed bottle. Lyophilized PNDJ polymer powder and gentamicin sulfate powder were handmixed and then dissolved in 150 mM, pH 7.4, PBS in both 30:2.5:70 and 30:5:70 ratios by weights of PNDJ polymer:gentamicin sulfate:PBS. The gentamicin sulfate powder contained 66 wt% gentamicin base, resulting in gentamicin loads of 1.61 wt% (low-dose) or 3.14 wt% (high-dose). The mixture was shaken to thoroughly wet the polymer; then it was allowed to dissolve at 4°C for 24 hours. After dissolution, the G-PNDJ solution was shaken for 10 to 15 seconds (separation of two aqueous phases occurs in storage). One milliliter of PNDJ/gentamicin solution was added into the bottom of 20-mL glass scintillation vials and solidified over 15 minutes in a water bath at 37°C, resulting in a 2-mm thick layer of G-PNDJ hydrogel. The mass of G-PNDJ was weighed. Five replicates of each formulation, total of 10 samples, were tested. After gelling, 20 mL of prewarmed 150 mM, pH 7.4 PBS was added on top of the gels, and the gels were maintained at 37°C throughout elution. Total eluant exchange was performed at 1, 3, 6, 12, 24, 48, 72, 120, and 168 hours. Gentamicin concentration in each eluant aliquot was determined using a ninhydrin-based colorometric assay [24] . Cumulative recovered gentamicin was then calculated.
Rabbit Model for Infection Treatment
To answer the second study question, the efficacy of gentamicin released from G-PNDJ hydrogel in the treatment of orthopaedic infection was determined using a rabbit model for osteomyelitis. All procedures were approved by the Institutional Animal Care and Use Committee at Arizona State University. All procedures were performed under strict sterile surgical conditions. Sixteen female New Zealand White Rabbits (3-4 kg) were divided into two groups: eight were treated by débridement only and eight were treated by débridement plus locally delivered gentamicin from G-PNDJ hydrogel. Rabbits were anesthetized using ketamine/xylazine and maintained free breathing on 2% to 3% isoflurane in oxygen during the course of the procedure. An incision was made along the volar-radial aspect of the left forelimb. The muscles were separated to expose the radius. The periosteum was elevated and osteotomies of the radial shaft were performed 1 cm apart using a fine-toothed hand saw. The 1-cm long segment of radius was removed, a 1-cm 0.045-inch Kirschner wire was placed in the intramedullary canal of the free segment, and was inoculated with 7.5 9 10 6 colony-forming units (CFU) of Staphylococcus aureus (50 lL of a 10 8 CFU/mL UAMS-1, ATCC 49230) in tryptic soy broth (Becton Dickinson, Franklin Lakes, NJ, USA) in the intramedullary canal of the free segment [29, 46] . Bacterial concentrations were measured by absorbance versus McFarland standards and adjusted by dilution after overnight growth [29, 46] . The inoculated segment containing the Kirschner wire was placed in the wound dead space. The wound was closed in layers with 3-0 Prolene TM suture (Ethicon, Somerville, NJ, USA). Rabbits were recovered from surgery and given buprenorphine every 8 hours for 24 hours and then twice daily for 3 days to manage postoperative pain. All rabbits were allowed unrestricted cage activity on a normal diet for 3 weeks before débridement of the infection. No systemic antimicrobials were given. Infection was defined as a positive culture for S aureus or acute inflammation on histopathology.
Débridement and Local G-PDNJ Delivery
All experimental sites developed culture-positive, purulent abscesses with acute inflammatory cellular response on histopathology. Three weeks after the index procedure, each rabbit underwent complete intralesional débridement, implantation of a sterile Kirschner wire implant, and randomization to ether local gentamicin delivery with G-PNDJ hydrogel or no-antimicrobials control. Anesthesia was again done by ketamine/xylazine induction and maintenance-free breathing on 2% to 3% isoflurane in oxygen. Débridement of all infection sites was performed by an orthopaedic surgeon with extensive experience in surgical management of orthopaedic infections (Fig. 1 ).
The surgeon was blinded to the treatment group during débridement and rabbits were débrided in random order. The scar from the index incision was excised to include the draining sinus when present. Intralesional evacuation of pus and removal of all dead bone, the Kirschner wire, and all adjacent infected tissues were performed consistent with common clinical practice. The wound was then irrigated with 100 mL normal saline. A sterile implant made of 0.045-inch Kirschner wire was placed in the wound dead space, nonstructurally spanning the postdébridement defect in the radius. Introduction of an implant into the postdébridement wound is a modification of the Nelson osteomyelitis model [46] intended to represent the clinical scenario of a one-stage débridement/reconstruction procedure. Adding the implant as a foreign body reliably prevented eradication of infection by the host without any antimicrobial treatment postdébridement. Based on intent to treat, the wound was either closed immediately with 3-0 Prolene TM suture or filled with higher-dose (3.14 wt%) G-PNDJ hydrogel and then closed. The volume of G-PNDJ hydrogel placed in the débrided space ranged from 400 to 1100 lL (mean 760 lL) for a total dose per rabbit of 15 to 43 mg (mean 30 mg) gentamicin. The volume of débrided space was determined by the amount of gel delivered. Rabbits were allowed unrestricted cage activity on a normal diet for 4 weeks after débridement.
Euthanasia and Histology
Rabbits were euthanized by intravenous injection of 1 mg/kg Beuthanasia D solution (Merck, Summit, NJ, USA) and thoracotomy as the secondary method of euthanasia. After euthanasia, the left forelimb was sterilely prepared. The Kirschner wire implant was exposed and removed under sterile surgical conditions. The Kirschner wire and a biopsy of adjacent tissue were sent to microbiology for culture. The forelimb was then disarticulated at the elbow and wrist, fixed in formalin, and sent for histological processing. Tissues were decalcified, stained with hematoxylin and eosin, and evaluated by a pathologist (AD) for histologic findings related to infection as described by Skinner et al. [57] .
Culture
Sterile culture tubes with swabs and transport medium were supplied by IDEXX reference laboratories (Peoria, AZ, USA). Cultures were routinely taken for all subjects at two time points: (1) at débridement and (2) at euthanasia. All samples were sent to the IDEXX reference laboratory for independent culturing. All negative cultures were incubated for 21 days to ensure the absence of small colony variants before they were termed ''negative.'' Infection was defined as a positive culture for S aureus or acute inflammatory response on histopathology.
Maximum Tolerated Dose
To answer the third study question, systemic exposure to gentamicin released from G-PNDJ hydrogel and renal function were determined using a rat model. The doses given in the rabbit infection model portion of this study were insufficient to cause measurable serum gentamicin levels. Rats are a well-established model for evaluation of the pharmacokinetics and nephrotoxicity of free gentamicin [7, 15, 23, 27] . Nephrotoxicity markers (blood urea nitrogen [BUN] and serum creatinine) were evaluated because both the PNDJ polymer and gentamicin are cleared by renal excretion. Nine female Sprague-Dawley rats (approximately 300 g), three in each of three dosage groups (0.75 mL, 1.5 mL, and 3 mL), received subcutaneous injections of higher-dose G-PNDJ hydrogel loaded with 3.14% gentamicin. G-PNDJ hydrogel was injected through an 18-G needle with rats briefly anesthetized with 2% to 3% isoflurane in oxygen. These rats had 400 lL of blood drawn from the saphenous vein while restrained, before the G-PNDJ injection and at 1, 3, 7, 14, and 28 days postinjection. Serum was assayed for gentamicin, BUN, and creatinine by independent laboratories. Serum gentamicin levels were measured at the Auburn University Clinical Pharmacology Laboratory by turbidimetric inhibition immunoassay (PETINIA) on a Siemens Dimension Xpand Plus General Chemistry Analyzer (Siemens Healthcare Diagnostics Inc, Deerfield, IL, USA). BUN and creatinine levels were measured by IDEXX reference laboratories.
Statistical Analysis
Differences in elution rate were analyzed with repeated measures analysis of variance and t-test. Differences in infection rate were analyzed with Fisher's exact test for two-by-two tables. Differences in BUN, creatinine, serum gentamicin, and eluted gentamicin in vitro were analyzed by t-test and relative to baseline. Statistical analysis was performed in Minitab 15 (Minitab Inc, State College, PA, USA).
Results
Gentamicin release from G-PNDJ hydrogel was greater (p = 0.01) and over a longer time period (p \ 0.001) for the higher-dose (3.14%) formulation compared with the lower dose (1.61%) (Fig. 2 ). Both formulations released approximately 10,000 lg gentamicin/g of hydrogel in the first 24 hours: 9210 ± 3158 lg/g of hydrogel for the lower dose and 11,584 ± 2990 lg/g of hydrogel for the higher dose. Sustained release from the higher-dose formulation delivered 15,000 lg more gentamicin/g of hydrogel than the lower-dose formulation between 24 and 120 hours. Under infinite sink conditions, 96% of the contained gentamicin load was recovered by 72 hours for the lower-dose formulation, whereas the higher dose delivered 75% of the contained gentamicin at 3 days and took 7 days to release 100% of its contained load.
Continued infection after débridement was lower in the G-PNDJ treatment group than in the control group that received no G-PNDJ hydrogel (p \ 0.001). Postdébridement, eight of eight rabbits that underwent débridement and insertion of a Kirschner wire implant alone had positive cultures with gross findings of swelling, granulation tissue, abscess formation, and fluid or pus adjacent to the Kirschner wire implant consistent with active infection. Culture results ranged from 2 + to 4 + for S aureus (referring to the number of quadrants exhibiting growth) [35] . Eight of eight rabbits that received local gentamicin delivery in G-PNDJ hydrogel after débridement and Kirschner wire implantation had wounds with minimal fluid present, no swelling, granulation tissue, or abscess formation and were culture-negative ( Fig. 3) . Histological examination of the specimens found normal wound healing in both groups, consistent with status 4 weeks postdébridement [57] (Fig. 4A ). Acute inflammation consistent with active infection was seen only in the rabbits not treated with G-PNDJ hydrogel (Fig. 4B) . None of the specimens from wounds treated with G-PNDJ hydrogel had histologic findings consistent with an adverse response to foreign material or persistent nondegraded hydrogel, although benign fibrous encapsulation of the metallic rod was seen (Fig. 4A) .
The systemic exposure to gentamicin from local delivery from G-PNDJ hydrogels in the rats lasted less than 14 days. Peak gentamicin concentration in the rat serum in the 3.0-mL dose group was 5 ± 2 lg/mL on the first day after injection, decreasing to 1.15 lg/mL on Day 3, 0.6 lg/ mL on Day 7, and to an unmeasurable level by Day 14 (Fig. 5 ). Renal function was decreased transiently for the highest dose only. In all rats that received 0.75-mL and 1.5-mL doses and one of three rats that received 3.0 mL, BUN and creatinine were not elevated. Two of three rats that received the 3.0-mL subcutaneous dose of G-PNDJ hydrogel had transient elevation of BUN and creatinine levels that returned to baseline by Day 14. The average BUN and creatinine for the 3.0-mL dose group increased to 67 ± 60 and 1.9 ± 1.8 mg/dL, respectively, by Day 7, returning to preinjection baseline by Day 14 (Fig. 5 ; Table 1 ). BUN and creatinine values were not elevated relative to baseline at 14 or 28 days postdose in any group (smallest p value is 0.07, 3.0-mL group, 28.3 mg/dL versus 24.8 mg/dL) ( Table 1) .
Discussion
Bacteria in biofilm are difficult to treat, requiring antimicrobial concentrations that are hundreds of times higher than the levels needed to kill the respective planktonic phenotype. Local delivery is required to achieve these high levels. Clinical application has not produced consistent data on outcomes [33] , which we believe may be attributable in part to variability in treatment protocols that can lead to subtherapeutic levels in some regions or all of the postdébridement surgical site. G-PNDJ hydrogels may represent a reliable way to provide high-dose local delivery that can be distributed throughout a surgical site and can be used when antimicrobial-loaded bone cement is not used for implant fixation. However, the release characteristics of gentamicin from PNDJ hydrogels, efficacy of antimicrobial delivery from PNDJ hydrogels for the treatment of orthopaedic infections, and systemic toxicity of PNDJ hydrogels were all unknown. In this study, we asked: (1) What is the elution profile of gentamicin from PNDJ hydrogels? (2) Is gentamicin released from PNDJ hydrogel effective for treatment of orthopaedic infection? (3) Does local gentamicin delivery from G-PNDJ hydrogel cause renal dysfunction?
This study has a number of limitations. First, the toxicity studies were performed in a different animal model than the infection treatment studies so they cannot be directly related to each other. Rats are more frequently used for toxicity studies with more published data. The methods used in this study are consistent with FDA and industry guidelines for establishing no observed adverse effect levels [22] . Comparison between rabbit and rat data is far less important than establishing the validity of each model for its clinical applicability. Second, in vitro elution data do not represent release kinetics observed in vivo because infinite sink conditions (low gentamicin concentrations in the surrounding fluid that allow continued release by diffusion) are not maintained in a postdébridment surgical wound [40] . Buildup of gentamicin in the surgical site leads to high concentrations, which is the goal of local delivery, and may slow release compared with in vitro elution studies. Release studies are designed to specifically determine the maximum release capability of a delivery vehicle as a metric to compare delivery capability between vehicles and therefore deduce what relative performance of different vehicles might be in vivo. The infection treatment part of this study did not measure in vivo concentration levels or distribution or duration of gentamicin in the postdébridement surgical site, but the concentrations that did occur were sufficient to improve the outcome of treatment. Third, the model used to study effectiveness of G-PNDJ for the treatment of orthopaedic infections was a rabbit osteomyelitis model. The primary drawback of the model is the small volume of tissue in the rabbit forelimb. The dimensions of the surgical site and dead space and volume of distribution for local delivery are limited compared with the dimensions of surgical sites and dead space experienced clinically. Although scalability to human dimensions has not yet been shown, this model is well established in the literature. This model produces osteomyelitis reliably, provides surfaces for biofilm formation, and has been used to study various treatment protocols with discriminatory sensitivity to variations in treatment protocols [29, 46, 58] . Another weakness of the model is the capability of rabbits, on occasion, to clear infection postdébridement without local or systemic antimicrobials, confounding the analysis for response to treatment. We modified the model by adding a metallic implant to the postdébridement wound, leading to continued infection in every case that antimicrobials were not used. Fourth, the number of animals was too small to identify all the potential risks or establish clinical safety. Renal dysfunction is the primary indicator of clinical toxicity for gentamicin in toxicology studies [64] . PNDJ is composed of, and degrades to, components that are generally felt to be nontoxic but are cleared through the kidneys. We believe renal function is by far the greatest risk if toxicity to G-PNDJ does occur and therefore is a good initial toxicity metric. Fifth, we studied only gentamicin as a single locally delivered antibacterial. We chose gentamicin as the single antimicrobial for local delivery for several reasons. Aminoglycosides are the dominant antibacterial in commercially prepared antibacterial-loaded bone cement available in the United States. Very high efficacy rates have been reported in animal experiments using locally delivered gentamicin with Nelson's [46] reported 15 of 16 cured with high-dose local gentamicin. Gentamicin has a broad spectrum of activity against Gram-negative and Gram-positive microbes encountered in orthopaedic infection. Although gentamicin is not commonly used clinically as the primary parenteral agent to manage Grampositive infection, roughly 94% of antibiotic-naïve orthopaedic infections are caused by gram-negative or grampositive bacteria which are susceptible to gentamicin at concentrations achievable with local delivery [11, 53] . Finally, susceptibility to aminoglycosides, both concentration-and duration-dependent, is reduced but not eliminated in microbes that have organized into biofilms in vivo [63] . Sustained high concentrations overcome concentration-dependent susceptibility [39] . Small watersoluble molecules (like aminoglycosides) have been shown to penetrate biofilms, whereas larger molecules like antibodies have limited transport in biofilms [18, 63] .
We found consistent and high levels of release from both formulations examined in this study. The higher-dose formulation released more gentamicin over a longer duration. Release from the higher-dose G-PNDJ formulation is very similar to the release characteristics of high-dose antimicrobial-loaded bone cement over the first week [41] but G-PNDJ does not have the long-duration subtherapeutic release that occurs with antimicrobial-loaded bone cement because it is fully degraded by 4 weeks [50] . It is generally accepted that high-dose antimicrobial-loaded bone cement is indicated for treatment of established infection. From recent work we reported that high-dose formulations do provide measurably higher concentrations throughout a larger volume of distribution over a longer duration than low-dose formulations in surgical sites after local delivery [40] . Therapeutic levels are only achieved for 1 day over a limited volume of distribution with lowdose formulations in bone cement (1-2 g/batch), but high concentrations are achieved as long as 7 days over a larger volume of distribution with high-dose formulations in bone cement (10 g/batch or greater) [40] . Similar postdelivery concentration and distribution studies are required for Values are mean ± SD; normal upper limit for BUN is 30.1 mg/dL and creatinine 1.2 mg/dL [37] ; abnormal values are in bold. Some specimens show reduced BUN or creatinine relative to baseline, which may be related to hydration; BUN = blood urea nitrogen; G-PNJD = gentamicinloaded poly(N-isopropylacrylamide-co-dimethyl-c-butyrolactone acrylate-co-Jeffamine 1 M-1000 acrylamide).
G-PNDJ hydrogel to confirm that its in vivo performance is similar to high-dose antimicrobial-loaded bone cement. The local delivery of gentamicin from G-PNDJ was effective in the treatment of infection postdébridement in this rabbit model. The status, infected or noninfected, for all 16 postdébridement wounds was clear with 100% concordance of gross appearance and both metrics: histology and culture. Eight of eight infections that received the higher-dose local delivery had no infection after treatment, whereas all eight rabbits that did not receive G-PNDJ had active infection after treatment. The débridements were intralesional with certain retained contamination by S aureus biofilm. When G-PNDJ was not placed in the wound, the infection was likely propagated from these fragments of biofilm that remained in the wound. The 24-hour in vitro minimum biofilm eradication concentration (MBEC) for gentamicin versus ATCC 49230 (S aureus, UAMS-1) as measured by our laboratory is 1000 lg/mL using a resazurin assay [21] and static culture. When G-PNDJ was placed in the wound, it is likely that the gentamicin concentration achieved throughout the postdébridement surgical site was at least the MBEC of 1000 lg/mL because continuation of the infection was prevented, even with an implant placed in the contaminated dead space. In the rabbits that received G-PNDJ hydrogel, no evidence of hydrogel was observed 4 weeks after débridement on gross observation or histologically, consistent with in vitro degradation of 28 days for the hydrogel formulation used in this study.
The highest dose of gentamicin in our rabbit model was roughly 13 mg/kg. Systemic exposure to locally delivered gentamicin was studied at higher doses in a rat model from 0.75-mL and 1.5-mL doses of higher-dose G-PNDJ hydrogel containing 98 and 196 mg/kg gentamicin, respectively, which did not result in detectable change in renal function in rats. Two of three rats that received the highest dose of 3.0 mL G-PNDJ containing 393 mg/kg gentamicin had a transient rise in BUN and creatinine during the first 14 days. We did not determine whether the gentamicin, the hydrogel, or the combination was responsible for the renal dysfunction. Our data are consistent with reported nephrotoxicity to gentamicin exposure [64] . Serum levels of gentamicin in the rat data were low with a maximum level of 6 lg/mL that occurred on the first day, which is considerably less than the peak serum levels of 40 to 100 lg/mL reported by Bennett et al. [7] after intravenous administration of gentamicin. To scale-up to the equivalent human dose in mg/kg, the rat dose is divided by six [22] based on conversion of mg/kg to mg/m 2 surface area [64] . Three milliliters of higher-dose (3.14 wt%) G-PNDJ hydrogel contains 118 mg of active gentamicin (3.14% 9 3750 mg [3 mL * 1.25 g/mL]). Based on rats in our study that weighed approximately 300 g, the rat mg/kg dose is 393 mg/kg divided by six gives the human dose equivalent of 65.5 mg/kg. For a 70-kg adult, this would be 4600 mg, or approximately 117 mL of gel. The effect of variations in area of contact between the hydrogel and host tissue and patient-to-patient variation in renal clearance also need to be considered but likely have a small effect [65] . We estimate the volume of G-PNDJ hydrogel that might be used in a human case would be approximately 15 to 20 mL, one-sixth the volume that led to renal toxicity in rats. When similar amounts of gentamicin are delivered using a collagen sponge as the delivery vehicle, the release is more rapid [59] and this is reported to be well tolerated in human patients [60] , understanding that pharmacokinetics of gentamicin in human patients are highly variable [65] .
We agree with the concepts that (1) established orthopaedic infections are associated with mature biofilm;
(2) several days of exposure to high antimicrobial concentrations, above the MBEC, from local delivery is required to kill resistant bacteria in mature biofilm; (3) there are fragments of biofilm retained throughout the entire surgical site after complete intralesional debridement; (4) all débrided surfaces and implant surfaces are at risk to establish continuation of the infection; and (5) local delivery vehicles that do not provide a secondary structural function should totally resorb or incorporate soon after the contained antimicrobial is released [1, 26, 40, 53] . Gentamicin release from G-PNDJ hydrogel in vitro follows the release pattern expected under infinite sink conditions with performance similar to high-dose antimicrobial-loaded bone cement. In vivo G-PNDJ delivers sufficient gentamicin to generate and sustain concentrations exceeding MBEC for sufficient time to kill residual bacteria in biofilm after débridement in the rabbit model we studied. There was no evidence of residual hydrogel at 4 weeks. Renal impairment from local injection of G-PNDJ occurred only transiently in the rat model at doses six times greater than are expected for clinical use. Although G-PNDJ characteristics are consistent with the concepts related to management of established orthopaedic infections, robust evaluations in a Good Laboratory Practice-compliant environment for biodistribution and adverse effects and Phase I human trials are needed before clinical application can occur. A clinically usable, therapeutically effective antimicrobial delivery in a high-viscosity resorbable vehicle could have a meaningful impact on treatment and outcomes for orthopaedic infections where a nonstructural delivery vehicle is desirable, like in uncemented one-stage reconstruction for prosthetic joint infections. Department of Animal Care and Technologies for their assistance with this work.
